Fat ͉ planar cell polarity ͉ polycystic kidney disease
M
utations in more than 20 seemingly unrelated human genes cause polycystic kidney disease. In many patients, mutations of these genes are associated with a plethora of extrarenal abnormalities, ranging from polydactyly and CNS defects to obesity and blindness (1) . Virtually all gene products localize to the primary, non-motile cilium, a microtubular organelle attached to most body cells. Hence, it has been postulated that a dysfunction of the cilium is responsible for the diverse manifestations, including kidney cysts. Multiple pathways use the cilium as a signaling platform or are modulated by ciliary signals (2) . One such pathway, the Wnt signaling cascade, plays an important role in kidney development (3) . Although the ␤-catenin-dependent branch of this pathway is required to convert metanephric mesenchyme into tubular epithelium, the ␤-catenin-independent planar cell polarity (PCP) pathway seems to promote nephron differentiation and maturation during later developmental stages (4, 5) . The PCP pathway originally was identified as a signaling cascade that organizes cells and their appendages in the Drosophila wing and eye but is increasingly recognized as playing a critical role in vertebrate organogenesis (6) . Drosophila genetics has delineated 3 classes of PCP proteins, the upstream PCP proteins (Fat, Dachsous, 4-jointed), the PCP core proteins (Frizzled, Dishevelled, Flamingo, Strabismus, Prickle, Diego), and downstream PCP effector proteins (Inturned, Fuzzy, RhoA). Mutations of Drosophila Fat are associated with reversed dorsal-ventral polarity, abnormal distal-to-proximal wing development, and hyperplastic overgrowth of all larval imaginal discs [reviewed in (7) ]. These phenotypes define 2 distinct branches of Drosophila Fat signaling: the Fat polarity pathway and the Fat tumor suppressor/Hippo pathway. In Drosophila Hippo signaling [reviewed in (8) ], Fat is required to recruit Expanded to the plasma membrane, facilitating the assembly of a protein complex that contains the scaffold protein Salvador and the Ste20 family kinase Hippo. Hippo phosphorylates and activates the Dbf2-related kinase Warts; Warts in turn, complexed with Mob1-related protein Mats, phosphorylates Yorkie. Phosphorylation of Yorkie, a transcriptional co-activator, prevents its nuclear translocation and activation of Yorkie target genes such as cyclin E and diap1 (9, 10) . Upstream signals that activate Fat and the molecular links between Fat and the Expanded/Hippo/Warts cascade remain ill defined. Localization and stabilization of Expanded at apical cell junctions depends on Fat, because loss of Fat leads to reduced Expanded levels and mislocalization (9, 11) . However, studies have failed to demonstrate a direct interaction between Expanded and Fat or between Expanded and other components of the Hippo pathway.
Based on sequence similarities and domain architecture, Drosophila Fat is related most closely to vertebrate Fat4. Fat4 deficiency in mice causes developmental abnormalities of the inner ear, neural tube, and kidney (12) . Disruption of oriented cell division and defective elongation of kidney tubules result in cystic kidneys, suggesting that Fat4 controls PCP signaling during renal development. Because the zebrafish embryo is amenable to rapid genetic manipulation, we targeted zebrafish Fat1 (zFat1) and zebrafish Fat4 (zFat4) by antisense morpholino oligonucleotides (MO) to compare their roles during zebrafish pronephros development. Here we show that knockdown of zFat1, but not of zFat4, caused extensive pronephric cysts. Epistasis assays revealed a strong genetic interaction between Fat1 and Scribble. Scribble recognized the PDZ-binding site that decorates vertebrate Fat1 but is absent in Fat4. Surprisingly, depletion of zebrafish Yes-associated protein 1 (zYAP1) ameliorated the changes caused by Fat1 and Scribble knockdown, indicating that a dysregulation of Hippo signaling contributes to the formation of pronephric cysts caused by the absence of Fat1 and Scribble. knockdown of zFat1 was strongly cystogenic: more than 50% of the microinjected zebrafish embryos developed pronephric cysts (Fig. S1 ). Co-injection of 0.5 pmol zFat4 MO slightly augmented zFat1 MO-induced cyst formation (Fig. S1 ), indicating that the 2 molecules, both expressed in the zebrafish pronephros (Fig.  S2) , may act in different signaling cascades. To identify downstream components of the zFat1, we performed epistasis assays with several candidate proteins implicated in vertebrate PCP signaling. Knockdown of zebrafish Prickle 2, Protocadherin 8, Daam1, Scribble (zScrib), and Dapper 2 resulted in pronephric cysts ( Fig. 1 A and B) . Combined knockdown of zFat1 and different PCP proteins defined several molecules that intensified the pronephric cyst formation induced by zFat1 depletion ( Fig.  1 C and D) . Marked synergy occurred between zFat1 and zScrib. Although minute amounts of zFat1 MO and zScrib MO (13) were not cystogenic when injected singly (0.125 pmol), together they increased the rate of pronephric cyst formation to Ϸ 10%. This observation suggests that zFat1 and zScrib participate in overlapping signaling pathways to maintain tubular geometry.
Physical Interaction Between Zebrafish Fat1 and Scribble. Scribble is a cytoplasmic protein that contains 4 PDZ domains. The 4 C-terminal amino acids of both zFat1 and mouse Fat1 (mFat1) constitute a class I PDZ-binding site (HTEV). Accordingly, we tested whether the cytoplasmic tail of Fat1 interacts with Scribble by co-expressing full-length Scribble with the C-terminal cytoplasmic (cyt) domain of mFat1 fused to a secreted Ig truncation and the transmembrane domain of CD7 (sIg.7). Scribble was immunoprecipitated by the sIg7.mFat1-cyt construct ( Fig. 2A) . Deletional analysis further delineated the PDZ domains of Scribble and the PDZ-binding site of mFat1 as essential interaction domains (Fig. 2 B and C) . To provide further evidence of a direct interaction between Fat and Scribble, we generated recombinant GST-fusion proteins of the Scribble PDZ domains and precipitated sIg7.mFat1 from lysates of transiently transfected HEK 293T cells. sIg7.mFat1-cyt was precipitated by the PDZ2-4 and PDZ3-4 of Scribble but not by the PDZ domains of Par-3 or GST alone (Fig. 2D ). These results demonstrate that mFat1 interacts with the PDZ domains of Scribble, presumably PDZ domains 3 and/or 4. Unlike Drosophila Fat-like protein, Drosophila Fat also contains a C-terminal PDZ-binding site (class III; EEYV). To assess whether the PDZ-binding site of Drosophila Fat interacts with Scribble, we replaced the cytoplasmic and transmembrane domain of sIg7.mFat1-cyt with the corresponding Drosophila sequences (sIg.TM.dFat). This construct, which partially rescued the cystic phenotype caused by the knockdown of zFat1 (Fig. S3) , immunoprecipitated co-transfected human Scribble, confirming that both Drosophila Fat and mammalian Fat1 interact with Scribble (Fig. 2E) . However, the interaction between Scribble and Drosophila Fat was not contingent on the C-terminal PDZ-binding site ( Fig. S4 ), suggesting that Scribble recognizes internal ligands of Drosophila Fat instead of or in addition to the C-terminal PDZ-binding site. A similar binding mode has been described recently for the interaction between the PDZ protein Par-6 and the integral membrane protein Pals1 (14) . In contrast to Fat1, Fat4 did not interact with Scribble (Fig. 3F ). Fat1 co-localized with Scribble in NRK-52E cells ( (Fig. S5 ) prompted us to test the hypothesis that cyst formation in zFat1-deficient zebrafish is caused by defective Hippo signaling. MO-mediated depletion of zYAP1 (Fig. S6) , the zebrafish homologue of Drosophila Yorkie, promoted pronephric cyst formation; remarkably, similar effects were observed with modest overexpression of YAP1 ( Fig. 3 A and C) . This finding suggests that abnormalities of the Hippo pathway disrupt the development of the zebrafish pronephros. If cyst formation consequent to zFat1 deficiency results from an overactive Hippo pathway, then depletion of zYAP1 might oppose cystogenesis. As shown in Fig. 3B , cyst formation caused by knockdown of zFat1 was partially rescued by knockdown of zYAP1, suggesting that defective Hippo signaling contributes to the pronephric cyst formation in zebrafish embryos. Conversely, co-expression of 0.025 and 0.1 g Scribble mRNA partially rescued the cystic phenotype caused by overexpression of YAP1; 0.2 g Scribble mRNA was less effective, indicating that a precise balance between YAP1 and Hippo signaling is required to prevent cyst formation (Fig. 3D) . We examined the functional effect of Scribble on Hippo pathway in HEK 293T cells by using the YAP1-dependent Gal4-TEAD4/5xUAS luciferase reporter (15) . Scribble inhibited YAP1-dependent luciferase expression as effectively as Lats2 (Fig. 4A ). Co-expression of the YAP1 S127A mutant, which lacks the Lats2-dependent 14-3-3 binding site, restored the Gal4-TEAD4-mediated luciferase expression, supporting our hypothesis that Scribble participates in canonical Hippo signaling (Fig.  4A ). To evaluate further the function of Scribble in Hippo signaling, we compared the effect of zFat1 and zScrib on the YAP1 target gene Survivin in zebrafish embryos (10) . Control, zScrib, or zFat1 MO was co-injected with a luciferase construct containing the Survivin promoter (1430 bp) (16) . Although the depletion of zScrib and zFat1 alone had only a modest effect, the combined knockdown of zScrib and zFat1 activated the Survivin reporter (Fig. 4B) . To support further the role of Scribble in canonical Hippo signaling, we determined the nuclear fraction of YAP1 in the presence of Scribble and compared the effect with that of Lats2. Scribble reduced the nuclear fraction of YAP1 as efficiently as Lats2 (Fig.  4 C and D) . These results were confirmed, demonstrating the nuclear exclusion of YAP1 in the presence of Scribble or Lats2 by immunofluorescence (Fig. 4F) . Warts phosphorylates Yorkie to generate a 14-3-3 binding site. In Drosophila, a C-terminal Fat truncation activates Hippo signaling even though most of the extracellular domain is lacking. We found that a similar mFat1 truncation (sIg.TM.mFat1) could mediate 14-3-3 binding to YAP1. Furthermore, YAP1 immobilized 14-3-3 in the presence of sIg.TM.mFat1 or Scribble but not in the absence of these proteins (Fig. 4E) , supporting our hypothesis that Scribble can participate in Hippo signaling.
Discussion
Distinct signaling cascades control organ growth, shape, and size. In Drosophila, Fat and Fat-Like molecules function in an interconnected signaling network that regulates spatial orientation of cells and their appendages, as well as organ growth and size (8) . We found that Drosophila Fat and mFat1 interact with Scribble, but Fat4 does not, suggesting that Drosophila Fat signaling resembles a mix of Fat1 and Fat4 functions. Scribble is a cytoplasmic protein that contains 4 PDZ domains and several amino-terminal leucine-rich repeats. Like Fat, Drosophila Scribble regulates the growth of imaginal disc epithelia, but only Scribble mutations cause neoplastic overgrowth that disrupts overall tissue organization [reviewed in (7)], probably involving additional signaling pathways. Scribble forms a polarity complex with Discs Large and Large giant larvae. This complex is enriched at the basolateral septate junction adjacent to the adherens junction and controls the specification of the basolateral plasma membrane by antagonizing the Par polarity complex [reviewed in (17) ]. Scribble function markedly differs among organisms. In Drosophila, the Scribble complex is required for asymmetric division of neuroblasts; loss-of-function mutations lead to disrupted apical-basal polarity, impaired cell cycle exit, and tissue overgrowth. Scribble is required for convergent extension movements in zebrafish (13) and causes severe neural tube defects when deleted in mice (18, 19) ; both findings support a role of Scribble in PCP signaling. In addition, Scribble regulates cell protrusions and actin organization through regulation of Rac activity and localization, exerting essential functions in cell migration (20 -22) . These divergent phenotypes indicate that vertebrate Fat and Scribble modified their functions during evolution. We postulate that subtle changes in PDZ-binding affinities and/or mutation of PDZ-binding sites allowed Scribble to gain access to alternative signaling pathways. The Drosophila Fat PDZbinding site differs from the vertebrate Fat1 PDZ-binding site and is not required for the interaction with Scribble, providing further evidence for a diversification of Fat functions during evolution. Drosophila Fat is a well-characterized cell surface receptor that regulates tissue and organ growth, but it remains unclear how Fat controls Hippo signaling. Fat promotes the recruitment of Expanded to the plasma membrane to activate Hippo. However, the concept of a simple linear pathway is challenged by genetic evidence that Fat acts parallel to Expanded (23) and by the finding that Dachs, an unconventional myosin, seems to control the abundance of Warts downstream of Fat (24) . Our findings support the involvement of additional components in Fat-induced signaling. Although Drosophila Fat couples to both PCP and Hippo signaling, in vertebrates 4 Fat molecules seem to partition off different signaling pathways. Interestingly, vertebrate Scribble seems to promote both PCP and Hippo signaling pathways, functioning as a molecular coordinator that controls spatial orientation of cells through PCP signaling while inhibiting their growth through activation of the Hippo complex. Directed cell migration, proliferation, and polarity must be synchronized precisely to achieve tissues and organs of defined size and structure. The Fat/Scribble complex may be one of the organizers that facilitate the necessary cross-talk between different signaling cascades. Significantly, cyst formation in zebrafish results from either YAP1 knockdown or overexpression, suggesting that Hippo signaling is essential for normal zebrafish pronephros development. The role of Hippo signaling in renal development also is supported by the observation that the targeted deletion of TAZ/Wwtr1 in mice is associated with cystic kidney disease (25, 26) . The transcriptional co-activator TAZ shows homology and shares the domain architecture with YAP1 (27) and was recently identified as a target of Hippo signaling (28) . Continuous proliferation with the inability to differentiate terminally is one of the hallmarks of the neoplastic overgrowth caused by Scribble mutations in Drosophila (7). Curiously, less-than-terminal differentiation of tubular epithelial cells in combination with their persistent proliferation has been postulated to cause polycystic kidney disease for many years (29) . Further studies will need to determine whether components of the Fat/Hippo signaling pathways play a role in this common hereditary disorder.
Materials and Methods
Plasmids and Reagents. The intracellular domains of mFat1 and mFat4 were isolated by RT-PCR from mouse kidney RNA. Membrane-bound fusion proteins of the C-terminal cyt domain of mFat1 and mFat4 were generated using a pCDM8 cassette that contained the leader sequence of CD5 fused to the CH2 and CH3 domain of human IgG1 followed by the transmembrane region of CD7. A Drosophila Fat construct containing the membrane-proximal part of the extracellular domain, the transmembrane domain, and the cyt domain was synthesized by Geneart. A full-length cDNA clone of human Scribble was kindly provided by P.O. Humbert (Peter MacCallum Cancer Center, East Melbourne, Australia). Truncations of Fat1-cyt, Scribble, and full-length human YAP1 cDNA were generated by PCR and standard cloning procedures. The 3xF.FRMD6 plasmid (BC020521) was provided by GeneCopoeia. The p-Luc 1430bp construct was obtained from S. Liu (Schering-Plough Research Institute, Kenilworth, NJ). The 5xUAS-luciferase reporter and the Gal4-TEAD4 were a gift from Kun-Liang Guan (University of California, La Jolla, CA).
Co-Immunoprecipitation. Co-immunoprecipitations were performed as described previously (4) . Briefly, HEK 293T cells were transiently transfected by the calcium phosphate method. After incubation for 24 h, cells were washed and lysed in a buffer containing 20 mM Tris-HCl (pH 7.5), 1% Triton-X 100, 25 mM NaF, 12.5 mM Na 4 P 2 O 7 , 0.1 mM EDTA, 50 mM NaCl, 2 mM Na 3 VO 4 , and protease inhibitors. After centrifugation (15,000 ϫ g, 15 min, 4°C) and ultracentrifugation (100,000 ϫ g, 30 min, 4°C), cell lysates containing equal amounts of total protein were incubated for 1 h at 4°C with the appropriate antibody followed by incubation with 50 L of protein G or A-Sepharose beads for Ϸ3 h. The beads were washed extensively with lysis buffer, and bound proteins were resolved by SDS/PAGE. Antibodies anti-HA (1:1000) (Covance, Sigma), anti-M2 (1:3000) (Sigma), mouse monoclonal anti-GFP 1:1000 (Santa Cruz), mouse monoclonal anti-V5 (1:5000) (Serotec), rabbit polyclonal, goat polyclonal anti-Scribble antiserum (1:500) (Santa Cruz K-21), and HRP antihuman IgG (1:3000) (Sigma) were used for Western blot analysis. Cell fractionation was performed in subconfluent cells grown on 10-cm plates for 24 h. Cells were mechanically disrupted in hypotonic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2, 10 mM KCl, 0.5 mM DTT, and protease inhibitors). The cytoplasmic fraction represented the supernatant after centrifugation at 3000 ϫ g for 10 min. The pellet, washed in hypotonic buffer, centrifuged at 15,000 ϫ g for 20 min, and extracted with hypertonic buffer (20 mM Hepes, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2, 0.2 mM EDTA, 0.5 mM DTT, and protease inhibitors), yielded the nuclear fraction. Both cytoplasmic and nuclear fractions were analyzed by Western blotting.
Immunofluorescence. NRK-52E cells were fixed in a 50% solution of methanolacetone for 10 min, permeabilized with 0.2% Triton X-100, and blocked in PBS containing 0.2% horse serum. Immunostainings for Fat1 and Scribble were performed with a rabbit polyclonal anti-Fat1 antiserum (1:300) (30) and a goat polyclonal anti-Scribble antiserum (1:150) (Santa Cruz), in combination with fluorescently labeled secondary antibodies. Images were obtained with an LSM 510 confocal microscope (Zeiss). Image analysis and 3D reconstruction were performed using Imaris Software (Bitplane). Z-stacks were performed with the pinhole set to a 1.0-m optical slice thickness and a z-distance of 0.2 m.
Pull-Down Assay. HEK 293T cells were transiently transfected with plasmid DNA as indicated. Cells were lysed in 1% Triton X-100, 20 mM Tris-HCl (pH 7.5), 50 mM NaF, 15 mM Na4P2O7, 1 mM EDTA, 50 mM NaCl, 2 mM Na3VO4, and protease inhibitors for 15 min on ice. Following centrifugation the supernatant was incubated for 1 h at 4°C with 4 -8 g recombinant purified GST or GST.PDZ domain fusion protein prebound to glutathione-Sepharose beads (Amersham Biosciences). Bound proteins were separated by 10% SDS/PAGE, and precipitated proteins were visualized with anti-FLAG antibody (Sigma). Equal loading of recombinant proteins was confirmed by Coomassie blue staining of the gels.
Luciferase Assay. HEK 293T cells seeded in 12-well plates were transiently transfected with a luciferase reporter construct, a ß-galactosidase expression vector (provided by C. Cepko, Harvard Medical School, Boston, Massachusetts), and vectors directing the expression of proteins as indicated. The total amount of DNA was 1 g per well. Cells were serum-starved for 12 h, collected in cold PBS, and lysed in 100 l of reporter lysis buffer (Applied Biosystems) for 10 -15 min at 25°C, followed by centrifugation at 15,000 ϫ g for 5 min to remove insoluble material. Luciferase activity was determined using a commercial assay system (Applied Biosystems) and was normalized to ␤-galactosidase activity to correct for transfection efficiency.
Zebrafish Embryo Manipulation. The transgenic zebrafish line Wt1b::GFP was described recently (31) . Antisense MO were designed by Gene Tools to target either the translation start or an exon-splice donor site causing splicing defects of the mRNA. The sequences are available in the SI text. All MOs were diluted in 200 mM KCl, 10 mM Hepes, and 0.1% phenol red (Sigma). The injection amounts varied between 0.125 and 3.75 pmol (as indicated); the injection volume was 4.6 nL/embryo. At the single-cell stage, embryos were DNA injected with 500 pg pLuc-Survivin 1430. Rescue experiments were performed by co-injecting 780 pg of in vitro-transcribed Drosophila Fat1 mRNA with zFat1 MO or by co-injecting 100 ng of human Scribble mRNA with 200 ng of human YAP1 mRNA. The single mRNA concentrations used for rescue experiments were determined in doseresponse curves to minimize effects on cyst formation.
